dle checkpoint arrest is promoted in mis4-242 and longer. The peaks for the spindle index and H1 kinase in the mutant were, respectively, two and three times rad21-K1 mutant cells in a Mad2-and Bub1-dependent manner at the restrictive temperature, probably due to higher than those of wild-type due to the delay. Normal sister chromatid separation was never observed ([14]; the impaired kinetochore-microtubule interaction. Bub1, a protein kinase essential for spindle checkpoint, was also see DAPI stain in Figure 1C ). These results, which are highly reproducible, suggested that the mis4-242 associated in the mutant cells with subpopulations of mitotic kinetochores for a greatly prolonged period of mutant entered mitosis with normal timing at 36ЊC, but its mitotic progression was considerably delayed, and time without moving. a similar delay was found in the start of septation. Mis4 mutant protein contained a single amino acid substituResults tion: at the 3965 th G, mutant sequence revealed a nucleotide substitution to A, which results in the change from Mitotic Delay in mis4-242 at 36؇C glycine to glutamate (see the Experimental Procedures).
To examine whether cell cycle progression was delayed
The mutation is within the HEAT (Huntingtin-elongation in mis4-242 at the restrictive temperature (36ЊC), mutant factor-A subunit-TOR) [23] . Localization of mutant Mis4-cells first arrested in G1 by nitrogen starvation at 26ЊC GFP protein (expressed by the integrated gene) was (the permissive temperature) were then cultured in the seen as a nonpunctate diffuse nuclear signal at 26ЊC complete medium at 36ЊC. At 3.5 hr, when many cells and was further dislocalized into the whole cell at 36ЊC entered the growing phase but still remained in the pre-(data not shown). replicative stage, the culture was collected and run in an elutriation rotor. Selected cells, which showed high synchrony better than those without elutriation, were A significant difference, however, existed for the durarad21, at 36ЊC (data not shown).
To determine whether securin/Cut2 was degraded, tion of mitosis. In wild-type, mitotic cells containing the short spindle and high H1 kinase activity were found the level of securin/Cut2 tagged with HA was examined in mis4-242. The HA-tagged cut2 gene was integrated around 160-180 min, followed by septation and cell separation at 195 min. In mis4-242, however, the duration onto the chromosome with the native promoter. Cells were doubly immunostained by monoclonal anti-HA and of mitosis strikingly increased to approximately 40 min polyclonal anti-Sad1 antibodies. Cut2-HA/securin was are not shown). In wild-type, no peak for the H1 kinase was produced, as the synchrony was not high enough scarcely destructed in the mitotic mis4 mutant ( Figure  1C ). Cut2-HA was not degraded in 86% and 77% of to produce the peak under the culture condition released from the nitrogen starvation. Single mis4-242 and rad21-mutant cells displaying the 3-4-m and 4-5 m-spindle, respectively. However, in 100% of wild-type cells con-K1 mutants showed the peak of high H1 kinase activity, whereas the double mutants did not produce the peak taining a Ͼ3.0-m spindle, the level of Cut2-HA was negligible. Securin/Cut2 proteolysis promoted by APC/ activity. The mitotic arrest did not occur in the double mutant strains, mis4 ⌬mad2 and rad21 ⌬mad2. Anticyclosome in a destruction-box sequence-dependent manner [24] did not take place in mis4-242. Hence, mis4-tubulin antibody immunostaining revealed that the distribution pattern of spindle length in mis4 ⌬mad2 and 242 mutant cells remained in a preanaphase stage at 36ЊC. rad21 ⌬mad2 was basically identical to that of wild-type (micrographs and time course data for mis4 ⌬mad2 are The Mitotic Delay in mis4-242 and rad21-K1
Requires Mad2
shown in Figures 2B and 2C ). The size of the spindle in single mis4-242 and rad21-K1 was uniform and never To explain the mitotic delay with the lack of securin proteolysis and a high level of H1 kinase, we considered extended to the anaphase B stage, however (see Figure  1B , upper panel). The spindle index for mis4-242 and a hypothesis that the spindle checkpoint [25, 26] was activated in mis4-242. To test the hypothesis, wild-type rad21-K1 was high, 20.5% and 28.5% at 36ЊC for 4 hr, respectively, whereas that for mis4 ⌬mad2 and rad21 (wt); two single mutants, mis4-242 and the mad2 deletion (⌬mad2); and the double mutant mis4-242 ⌬mad2 ⌬mad2, was low, 6.4% and 5.6%, respectively. The mitotic delay and the lack of full spindle extension in cohewere used. Mad2 is an essential component of spindle checkpoint [27] . For comparison, another cohesion musion mutants mis4-242 and rad21-K1 was, hence, Mad2 dependent. We performed similar experiments using a tant, rad21-K1, and the double mutant rad21 ⌬mad2 were also employed.
bub1 deletion (⌬bub1) and found that the double mutant phenotype of mis4 ⌬bub1 resembled that of mis4 ⌬mad2 These strains, first arrested in the G1 phase under nitrogen starvation at 26ЊC, were then released to the (data not shown). We addressed a question of whether spindle dynamcomplete medium at 36ЊC. Cells were collected, and the histone H1 kinase activity was assayed (Figure 2A; ics were normal in these cohesion mutants and performed a living cell analysis. The spindle length was quantitative densitometric data from autoradiography We addressed a question of whether this specialized separated in mis4-242 cells at 36ЊC, but it was unknown chromatin was restored in mis4-242, rad21-K1, and the whether other chromosomal regions, the arms, were double mutants mis4 ⌬mad2 and rad21 ⌬mad2. Nuclear separated. To visualize whole nuclear chromatin in living chromatin fractions of cell extracts derived from the cells, we employed plasmid pTC35 [38] , containing the cultures shifted from 26ЊC to 36ЊC for 0-4 hr were briefly gene whose product behaved as a chromatin protein.
digested with micrococcal nuclease (1-8 min treatment; pTC35 contained a portion of the open reading frame [39] ). Two types of the DNA probes for hybridization for a putative DNA binding protein containing the Myb were used. Cnt was the central centromere sequence, domain and ligated in frame with GFP. The GFP signal while Otr represented the outer kinetochore sequence derived from pTC35 was similar to (but not identical to) that contained the regular nucleosome ladders. Souththat of DAPI staining, as reported by [38] (Figure 4A ; ern hybridization was performed using these centro-DAPI, blue: pTC35, red. The merged portion looked mere DNA probes. Specialized centromere chromatin white). In Figure 4B (wild-type control) and Figures 4C was maintained in single mis4 and rad21 mutants and and 4D (mis4 and mis6 mutant carrying plasmid pTC35), in the double mutants mis4 ⌬mad2 and rad21 ⌬mad2 cells were cultured at 36ЊC for 5 hr in the synthetic EMM2 ( Figure S1 ). Consistently, CENP-A, as well as Mis6, was medium and then observed. In wild-type control cells, localized at the centromeres in mis4-242 mutant cells the separation of nuclear chromatin visualized by pTC35 (data not shown). These results indicated that the lack was initiated and completed within 10 min at 36ЊC (the of sister cohesion and spindle checkpoint protein did not number indicates min). affect the formation of specialized chromatin. Indeed, In mis4-242 mutant cells, however, the separation of components required for the specialized chromatin acts nuclear chromatin, which consisted of discrete chromofrom the G1/S phase [39] . In these cohesion mutant somal bodies, was never complete as seen in 5D; [41] ). with the spindle) was low and did not change during the period of overproduction (12-16 hr, Figure 5C ). This is
In the glucose-repressed state, the two cell cycles went synchronously after the release of cdc25 to 26ЊC (the in forming the foundation of chromatin structure to be firmly captured by microtubules. Ends of kinetochore upper panel, Figure 5E ). No cut phenotype was observed under this condition. In the sucrose-induced condition microtubules might be inefficient to associate with kinetochore chromatin in the absence of cohesion or tension. (the lower panel; sucrose was added at 36ЊC, 30 min before the release to 26ЊC), the first cell cycle went This report is the first live analysis of Bub1-GFP localization in fission yeast. The duration of the signal in the normally, whereas the second mitosis became aberrant, producing the high frequency (Ͼ50%) of the cut phenokinetochore is very short (2-3 min), corresponding to the prophase (spindle formation) stage. The Bub1 signal type. The toxic Rad21RERE might have to be present in the S phase to induce aberrant mitosis in the following present in the whole nucleus during interphase was rapidly concentrated in the kinetochore upon the entry into anaphase. The fully elongated spindle was again not observed. These results established that the dominantmitosis and was swiftly diffused again. In prometaphase or metaphase, which lasted about 5 min, Bub1-GFP negative Rad21RERE did not cause any delay in the cell cycle, and its defect became apparent only after the was no longer situated on the kinetochore. We interpret these finding as the interaction between Bub1-GFP and entry into anaphase.
the kinetochore occurs only during prophase ( 
Experimental Procedures Construction of Plasmid Expressing Noncleavable Rad21RERE under the invb82 Promoter Strains and Media
To study the effect of the expression of noncleavable Rad21 on the The culture media used for S. pombe were the complete YPD and progression of the cell cycle, the inducible nmt1 promoter was not the minimal EMM2 [49] . GFP-tagged strains were grown in the EMM2 adequate, as the actual synthesis of protein takes 10-16 hr after medium for live microscopic analysis. LacI-GFP strains [29] , which the removal of thiamine from the culture medium. We therefore expressed LacI-GFP under the control of the nmt1 promoter, were employed the glucose-repressible inv1 promoter [41] , which is rapcultured in the presence of thiamine (50 M). Thiabendazole (10 g/ idly induced in the presence of sucrose. However, plasmid carryml; Sigma) was used for the sensitivity test.
ing the noncleavable Rad21 gene was lethal even in the glucoserepressed condition, perhaps due to the toxicity by leaked synthesis of Rad21RERE. To reduce the basal expression level, the inv1 proThe G1 Arrest by Nitrogen Starvation moter was modified by inserting variable DNA stretches between the Nitrogen source starvation was done according to the procedures promoter and the initiation codon of the rad21 ϩ gene. One of the modidescribed previously [50] . Cells (5 ϫ 10 6 cells/ml) were cultured in fied promoters, named invb82 (inserted sequence before the initiathe EMM2 medium, washed three times with EMM2-N (EMM2 withtion codon is 5Ј-ACGGATCCGCGGATCCGT-3Ј), reduced the expresout NH 4 cellpress.com/supmat/supmatin.htm.
